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Abstract 

We have used a commercial RF ion-source to extract a beam of metastable neon atoms. The 
source was easily incorporated into our existing system and was operative within a day of installa¬ 
tion. The metastable velocity distribution, flux, flow, and efficiency were investigated for different 
RF powers and pressures, and an optimum was found at a flux density of 2 x 10^^ atoms/s/sr. To 
obtain an accurate measurement of the amount of metastable atoms leaving the source, we insert a 
Faraday cup in the beam line and quench some of them using a weak 633 nm laser beam. In order 
to determine how much of the beam was quenched before reaching our detector, we devised a simple 
model for the quenching transition and investigated it for different laser powers. This detection 
method can be easily adapted to other noble gas atoms. 


I. INTRODUCTION 

In 2001, two groups realized the first 
Bose-Einstein condensate of metastable he¬ 
lium mia To excite it to the metastable 
state, they have both used a high voltage dis¬ 
charge source 011], where atoms are excited 
to upper states, by running a DC discharge 
through the expanding atomic beam, which 
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later decayed to a long-lived metastable state. 
In recent years, there has been much inter¬ 
est in experiments with ultracold metastable 
noble gasses (See 0 for a review). Also, 
advances in the efficiency of production and 
trapping of metastable noble gasses have en¬ 
abled spectroscopy and abundance measure¬ 
ments with tiny fractions of rare isotopes. 
The isotope shift and hyperfine structure of 
isotopes of argon 0, krypton 0, neon [Hj 
and xenon 0 were measured. Moreover, iso¬ 
tope shift measurements have determined the 
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^He nuclear charge radius PI and recently 
those of ®’®He m In atomic traps, a novel 
technique for radio-dating using abundance 
measurements of noble gas isotopes called 
Atom Trap Trace Analysis (ATTA) has been 
introduced with krypton PI. and recently 
used with argon PI Lastly, there is also 
a growing interest in measurement of cold 
and trapped short-lived isotopes of the noble 
gasses neon and helium [Ti] , 


These developments have sparked inter¬ 
est in developing elRcient metastable sources 
which are simple to construct, implement and 
maintain. Exotic sources such as an inverted 
magnetron pressure gauge [16] , and an all op¬ 
tical source PI have been constructed, but 
the simplest and most efficient sources today 
usualiy refy on an RF discharge [I^. De¬ 
spite needing much fess maintenance than 
DC discharge sources, home buift RF dis¬ 
charge sources degrade over time due to depo¬ 
sitions on the discharge tube from sputtering 
of stainfess steel vacuum parts. After experi¬ 
encing difficulties in continuously operating a 
home built RF source we decided to acquire 
a commercial ion source (BIS RFIS-100) and 
investigate the conditions for efficiently ex¬ 
tracting metastable neon atoms from it. In 
this paper we review our findings. 


II. RFIS-100 ION SOURCE 

In Fig. adapted from na. we show 
an overview of the source design, neon flows 
through the gas inlet, is delayed in the ce¬ 
ramic gas isolator to prevent the plasma 
short-circuiting to ground, and is excited in 
the alumina discharge chamber (Fig. 
where a discharge is created by applying high 
RF power at 13.56 MHz to a helical res¬ 
onator copper antenna. The discharge cham¬ 
ber is equipped with an alumina deposition 
breaker, which serves as to prevent ablated 
metal particles from forming a conductive 
coating on the chamber which could shield 
the discharge from the RF power. A molyb¬ 
denum beam plate acts as a nozzle which can 
be easily drilled to different diameters. The 
source also incorporates a piezoelectric high 
voltage module to help with ignition of the 
discharge. 

There are normally two modes of opera¬ 
tion with RF sources. Namely, capacitively 
coupled plasma, where electrons accelerated 
by the RF electric field ionize the gas to cause 
an avalanche, and inductively coupled plasma 
(ICP), where the electrons are accelerated by 
time varying magnetic fields [121 ■ ICP is ini¬ 
tiated at high powers and pressures and is 
considered desirable in terms of metastable 
production |2D|. The signature of the ICP 
discharge is the requirement to re-tune the 
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Figure 1. a) RFIS-100 ion source schematics, b) 
from m- 

RF antenna’s impedance after the discharge 
starts. Good impedance matching between 
the antenna network and the RF power sup¬ 
ply (T&C AG 0613 600W) is achieved via two 
high voltage vacuum variable capacitors that 
are connected in parallel and in series with 
the antenna. At virtually all pressures and 
powers in which neon ignites we observed a 
drastic change in impedance which indicates 
the formation of an IGF. 

Igniting the plasma is harder than main¬ 
taining it, for this reason we usually start at 
high pressure and high RF power 300 W) 
and then quickly ramp down the power. Also, 
it is harder to start the plasma when the 
source is hot. Even though the hollow an¬ 
tenna is cooled by pumping a high pres¬ 
sure refrigeration fluid (tetrafluoromethane), 
the 13.56 MHz radiation dissipates signifl- 
cant power in the vacuum parts, and above 


Close up on discharge chamber. Both are adapted 

250 W, care must be taken. Thus, the power 
available to the discharge is probably less 
than the forward power measured by the gen¬ 
erator (also reported at [21]). At high pres¬ 
sures of a few 10“^ Torr, pure neon lights up 
easily and plasma can be sustained at powers 
as low as about 150 W. At low pressures of a 
few 10“® Torr, plasma can only be sustained 
at high powers of about 220 W. When mixing 
a small amount of xenon (Similar to reports 
by [22|), the plasma ignites at virtually all 
powers and pressures. 

III. LIGHT INDUCED QUENCHING 
OF METASTABLE NEON 

The steady-state scattering rate of classi¬ 
cal radiation by a two level system with nat¬ 
ural linewidth F is [2H| 
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r (v) = 


so/2 


( 1 ) 


i + so + (25 (v)/ry’ 

where sq = is the saturation parameter, 
Ii is the laser intensity, and C the saturation 
intensity. The detuning is given by 


5 {v) = So — k ■ V 


( 2 ) 


where (5o is the difference between the laser 
and the atomic transition frequency, and k • v 
the Doppler detuning, caused by the relative 
velocity of the light and atom. 

Noble gasses possess a long lived 
metastable state which forms such a two-level 
system [ 3 ]. With neon, the cycling transition 
is between the levels ^P 2 — ^Do, as shown 
in Fig. 1^ Its wavelength in air is 640.2 nm. 
It has a linewidth of F = 8.2 (27r) MHz, or, 
using eq. ^ gy — L/k — 5.2 m/s in units 
of velocity. Another transition of interest 
is ^P 2 — ^D 2 which has a wavelength of 
633.4 nm [ 21 ]. It is not a closed transition, 
since the ^£>2 state can decay via a dipole 
transition to the ^Pi and ^Pi states (which 
decay immediately to the ground state) as 
well as to ^P 2 . Thus a laser tuned to this 
wavelength can deplete the population in 
the ^P 2 state; this process is also called 
quenching. The states of interest, and the 
relevant wavelengths are presented in Fig. 


When a metastable beam encounters a 
laser beam tuned to the quenching transition. 



Figure 2. Relevant transition lines of neon |2S|. 
The metastable levels ^Po,2 are indicated in bold. 
Upward facing arrows represent transitions cou¬ 
pled by our lasers, with the wavelength indi¬ 
cated. Downward facing arrows represent emis¬ 
sion. The solid line represents the cycling transi¬ 
tion and the broken lines represent the quenching 
route. 


the atoms have a chance of absorbing photons 
and deexciting from the metastable state. 
The longer an atom spends inside the quench 
beam, and the stronger the laser, the chances 
of its survival decrease exponentially. For a 
transverse laser locked to the quenching tran¬ 
sition, the detuning from the atomic tran¬ 
sition is governed by the atom’s transverse 
velocity (eq. |^. We thus model, using eq. 

this average snrvival rate of a metastable 
atom, with Vr and Vz the transverse and lon¬ 
gitudinal velocities, which travels through a 
weak transverse quenching beam can be writ¬ 
ten as 
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fq {Vz, Vr) = exp 


1 


• (3) 


y V^l + {2Vr/(Tqy ^ 

Where Vq is the effective intensity of the 
quench laser, and Uq is an effective transition 
linewidth, both in units of velocity. Since 
our source incorporates a discharge chamber 
with a small aperture (Fig. [^, the emerging 
beam is assumed to have an effusive velocity 
distribution l26l: 


9 xA 

fB{Vr,vQ = -^ 

^ ^mp 


exp 


3 vz 


2 


X 


exp 


cr^ " \ 2cr? 


(4) 


which is cylindrically normalized such that 
ir ir fBic,vQvrdVrdVz = 1. is the 

most probable velocity, and ar the transverse 
rms velocity. The total velocity distribution 
of an atomic beam which passed a trans¬ 
verse laser tuned to the quenching transition 
is thus 


ftot (^r) fs {Tti '^z') fq {'^zi ’^r) • 

Adding a weak probe beam tuned to the 
cycling transition and collecting the fluores¬ 
cence using a photomultiplier tube (PMT), 
we measure a signal proportional to 


roo 

F (Xr) / ftot {Tz) ^r) du^ (5) 

JQ 

for a transverse probe beam, and to 

poo 

F' {xz) / ftot xQ Xj-dXj- (6) 

do 


for a longitudinal probe. 

To investigate the working conditions of 
the source, we use a weak transverse beam 
which probes the cycling transition and 
record the PMT signal for different RF pow¬ 
ers and neon pressures. The scan voltage 
to frequency calibration was accomplished by 
conducting a wide scan and observing the iso¬ 
tope shift on a saturated absorption setup 
ra Since the fluorescence is visible to the 
naked eye, we noticed a slight fluorescence 
inside the entire source chamber which is un¬ 
related to the atomic beam. Since we work 
with high RF power, we conclude that some 
of the background gas is also excited. This 
means that our PMT signal is comprised of 
a narrow atomic beam signal atop a wider 
background signal. This assumption is vali¬ 
dated when we use the quenching beam. 

In Fig we show the results obtained 
from fitting the PMT signal to a double 
Gaussian for different working conditions. 
Even though the atomic flux increases with 
pressure, high chamber pressure tend to 
quench the metastable beam through colli- 
sional deexcitations inside as well as outside 
of the source [2H]- The optimum flux is at a 
chamber pressure of about 5 x 10“® Torr and 
does not change much with RF power, which 
has to be above 200 W to sustain plasma at 
such low pressures. Also, a small increase 
of the transverse velocity is observed at high 
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Figure 3. a) Transverse velocity width as a function RF power and chamber pressure, b) Total 
fluorescence as a function RF power and chamber pressure. 


pressures, the transverse rms velocity at the 
desired pressure is cr^ = 45m/s. 

To investigate the properties of the 
quenching transition, we add a large trans¬ 
verse 633 nm beam immediately after the 
source aperture, which quenches some of the 
metastable atoms before they reach the light 
collection region. For a transverse probe 
beam, we observe that the quenching beam 
affects the metastable atomic beam signal 
without affecting the background signal. We 
thus fit to a wide Gaussian plus transverse 
quenching (eq. [^. A typical fit, as well as 
the underlying fit with the background sub¬ 
tracted, is shown in Fig. The same was 
done with a longitudinal probe beam and fit 


to eq. 1^ and is shown in Fig. |4 )d. We 
recorded and fit the transverse and longitudi¬ 
nal quenched fluorescence signal for different 
quench laser powers. The results are shown 
in Fig. As modeled in eq. the effective 
quench laser power Vg at low quench powers 
is linear with laser power and gives similar 
results for both the transverse and longitu¬ 
dinal probes. Also, the effective transition 
linewidth ag is constant over a wide range of 
quench laser power. 
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Time (ms) 

Figure 4. Example of fluorescence quenching fit 
at 3mW laser power, a) Transverse probe scope 
signal, fitted to eq. (dashed line), b) Longi¬ 
tudinal probe signal, fitted to eq. Solid lines 
are the fits with the background Gaussian sub¬ 
tracted. 



Figure 5. (Top) Effective quench laser power 
Vq for transverse (squares) and longitudinal (cir¬ 
cles) probing. Markers are larger than the error- 
bars. (Bottom) Effective transition linewidth aq 
for transverse probing. 


IV. METASTABLE DETECTION US¬ 
ING A FARADAY-CUP 

Schemes for detecting metastable atoms 
usually rely on their long lifetime and large 
stored energy [29]. When metastable atoms 
collide with most surfaces, they immediately 
ionize them. If the surface is a conductor, 
a measurement of the ionization current can 
be used to determine the flux of metastable 
atoms in a beam. 

In neon, the metastable states have ap¬ 
proximately E* = 16 eV of internal energy, 
and the ionization energy is ^ 22 eV. 
When impacting on a metal surface with 
work function $, which for stainless steel is 
under 4.7 eV [29|, two energetic conditions are 
met: £”* > $ and E^ > 2 $, which enable two 
ionization processes by an exchange of elec¬ 
trons between the metal and the atom PI. 
The absolute metastable flux F can be deter¬ 
mined through [SI] 

I = e-/FAY, (7) 

where / is the ionization current, e is the 
fundamental charge, 7 = 0.61 the emission 
coeflicient for stainless steel impacted by Ne* 
|3T] . and AY is the fraction of atoms de¬ 
tected. 

To implement this detection scheme we 
use a design similar to that of |S2|, for which 
a stainless steel detector plate is mounted, 
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Figure 6. Probability density of transverse and longitudonal velocity distributions. Left to right: 
Distribution of metastables leaving the source (100%), Metastables that reach the Faraday-cup 
(84%), Metastables left after crossing the quench laser beam (79%), Metastables that reach the cup 
after crossing quench beam (64%) 


along with an electron collecting cathode, 
along the beam line. Upon operating the 
source, a large and noisy negative current 
(5 fiA) was measured. To stabilize the cur¬ 
rent, a transverse magnetic field (50 Gauss) 
was introduced by mounting a coil on the 
vacuum window of the source chamber and 
flowing a large current (~ 10 A). The field 
deflects fast electrons and ions before they 
reach the cup. To establish how much of 
the current left results from atoms in the ^P 2 
state only, we measure it again with the pop¬ 
ulation depleted by quenching it using the 
quench beam and subtract the results. This 
method is similar to that used by [33] for 


neon, but since we did not need to quench all 
of the atomic beam, we could use a quench 
laser two orders of magnitude weaker. 

Based on the transverse and longitudinal 
velocity distributions, and the distance and 
radius of the cup, we calculate the fraction 
of metastables that reach the cup and ar¬ 
rive at the fraction Yq = 0.84. We now 
simulate the amount of metastables reach¬ 
ing the cup when the quenching laser is on 
and at maximal power using the parame¬ 
ters from Fig. Q and arrive at the frac¬ 
tion Yi = 0.64. The fraction of metasta¬ 
bles which reach the cup and are quenched 
by the laser is thus AT = Yq — Yi = 0 . 20 . 
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The maximal difference current obtained us¬ 
ing the Faraday cup was I = 8 nA, using 
eq. [^we calculate that the metastable flow is 
4.2 X 10^^ Ne*/s. The average flux density in 
forward direction is then 2.3 x 10^^ Ne*/s/sr. 
The flow and flux depend strongly on the 
pumping speed, our source was pumped by 
two turbo-molecular pumps which has a com¬ 
bined pumping speed of 4001/s. The total 
flow was measured using a flow meter to be 
1.4 seem or 6.5 x lO^^Ne/s. Which yields an 
efficiency of about 10“®. This is the efficiency 
at maximum metastable flux. By operat¬ 
ing the source with xenon, and mixing small 
amounts of neon (< 10“® Torr), a factor of 2- 
3 is obtained with the efficiency and 10 — 20 
of the flux is lost. 

V. SUMMARY AND OUTLOOK 

We have devised a simple, ad hoc model 
to investigate the amount of metastable neon 
atoms which are left after crossing a laser 
beam tuned to a quenching transition. This 
model was used to investigate how much of 


the ionization current in a Faraday-cup re¬ 
sulted from atoms in a specific metastable 
state and so determine the metastable flux 
density. Combined with spectroscopic mea¬ 
surements of the velocity distribution, and a 
measurement of the atomic flow, a complete 
picture of our source was obtained. Since the 
energy levels of other noble gasses are simi¬ 
lar, this detection method can be readily used 
in existing metastable systems. The simplic¬ 
ity of incorporating, operating, and main¬ 
taining a commercial source might make it a 
choice for future industrial applications such 
as metastable atom lithography [3i] . 
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